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Abstract 
The effects due to temperature and shearing time on viscosity for Al2O3/water and CNT/water 
based nanofluids at low concentration and low temperatures are experimentally investigated. The 
viscosity data were collected using a stress-controlled rheometer equipped with parallel plate 
geometry under up and down shear stress ramp. CNT and Al2O3 water based nanofluids exhibited 
hysteresis behaviour when the stress is gradually loaded and unloaded, depending also on shearing 
time. Experiments also showed that the nanofluid suspensions indicated either Newtonian or non-
Newtonian behaviour, depending on shear rate. CNT water based nanofluid behaves as Newtonian 
fluid at high shear rate whereas Al2O3 water based nanofluid is non-Newtonian within the range of 
low temperatures investigated. 
Keywords: nanofluid, carbon nanotubes, alumina, viscosity, rheology, hysteresis 
 
1. Introduction 
In the current context of saving energy, the improvement of the thermal exchanges can be a 
contribution. In any energetic process, we notice that the energy passes throw, at least once, in heat 
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exchanger. The growth of the conditioned air systems also enhances the studies of heat transfer for 
low temperatures. Nanofluids offer a solution to improve heat exchange. Nanofluids are engineered 
colloids made of nanoparticles (nanometer-sized particles of metals, oxides, carbides, nitrides or 
carbon nanotubes…) suspended in a base fluid. During the past decade, many researches are mostly 
focused on thermal conductivity of nanofluids [1-8]. However, nanofluid’s viscosity is as important 
as thermal conductivity in thermal application involving fluid flow [9]. Actually, viscosity describes 
the internal resistance of a fluid to flow which is directly related to the pumping power. Maré et al. 
[10] have studied experimentally the thermal-hydraulic performance of Al2O3 and carbon nanotubes 
(CNT) aqueous based nanofluids in a plat heat exchanger at low temperatures. Their results show 
that the impact of viscosity and pressure drop is important and has to be taking into account before 
to use nanofluids. Due to high viscosity of SiO2/water based nanofluids at high particles 
concentration, Ferrouillat et al. [11] reported that the pumping power is very high and that the 
practical benefits of using nanofluids is not significant compared to base fluid.  
The rheological behaviour of nanofluids could be strongly affected by the preparation method of 
nanofluids [12], viscosity of the base fluid, particles shape and size [13], particles concentration, 
temperature, surfactant and dispersion state of the nanoparticles. A number of studies related to the 
viscosity of nanofluids have been reported. 
Chen et al. [14] reported the rheological behavior of TiO2/Ethylene Glycol nanofluids. Their 
experimental results show that the TiO2/EG nanofluids are Newtonian over a shear rate range of 
0.5-104 s-1, the shear viscosity is a strong function of temperature, particle concentration and 
aggregation and the relative viscosity is independent of the temperature. Later, Chen et al. [15] have 
investigated the rheological behavior of TiO2/Ethylene Glycol nanofluids and studied the effects of 
particles shape, particles concentration and temperature on viscosity. They found that the nanofluids 
show a shear thinning behavior for the particles concentration above than 2% and that the 
temperature imposes a stronger shear thinning. Ngyuen et al. [9] have investigated on particle size 
effect for Al2O3 aqueous based nanofluids and observed that the particle size effects on viscosity are 
more significant for high particles concentration. Numburu et al. [16] studied the rheogical behavior 
of SiO2/water and SiO2/Ethylene Glycol based nanofluids for a range of -35°C to 50°C. Their 
results show that the nanofluid is Newtonian for high temperatures and shear thinning for low 
temperatures. Kulkarni et al [17] studied the effect of temperature for a range from -35°C to 50°C 
for CuO, Al2O3 and SiO2 Ethylene Glycol and water based nanofluids. They reported that viscosity 
decreases exponentially with the increase of temperature. Kole et al. [18] investigated Al2O3-car 
engine coolant nanofluid and found that the Brownian motion of the nanoparticles in the fluid plays 
an important role in understanding the viscosity of nanofluids. 
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Paritosh et al. [19] studied the effect of dispersing energy (ultra-sonication) on viscosity of multi-
walled aqueous based nanofluids MWCNT. They showed that CNT exhibit a shear thinning 
behaviour and that the Non-Newtonian character may not be solely attributed to the presence of the 
surfactant (Gum Arabic). Nguyen et al. [20] have investigated experimentally the effect of the 
temperature and the particles concentration on viscosity for Al2O3 aqueous based nanofluids. They 
showed a hysteresis behavior of dynamic viscosity due to temperature effect, which is more 
pronounced for high particles concentration. Indeed, they reported that, at any working temperature, 
the viscosity of the samples during cooling phase is higher than the one measured during the 
heating of the samples. Many previous results are obtained for temperature ranging from 20°C to 
60°C. So, there are few studies done at low temperatures [10,16].  
Consequently, the aim of this paper is to investigate the effect of temperature on viscosity of 
Al2O3/water and CNT/water nanofluids at low concentration and for a range of temperatures from 
2°C to 10°C. One highlight of this work is that the viscosity hysteresis phenomenon is here 
observed when the stress is gradually loaded and unloaded, as shown in section 3. In this section, 
the rheological behavior of the nanofluids are also described and discussed in terms of shear rate 
and temperature effect. We finally summarize in section 4 the main conclusions reported so far.  
 
2.Viscosity 
 
Some theoretical formulas have been proposed to relate the viscosity of colloidal suspensions or 
nanofluids to particle volume fraction. They derived from the pioneering model of Einstein [21]. 
This model is based on the assumption of viscous fluid containing non-interacting rigid spherical 
particles under low particle volume fraction, typically less than 1%.  
 
( )φµµ 5.21+= bfnf     (1) 
 
where µnf, and µbf  indicate the viscosity of the nanofluid and the base fluid respectively, and φ is 
the volume fraction of nanoparticle in base fluid.  
Later, Brinkman [22] presented a viscosity correlation that extended Einstein’s equation to 
suspensions with moderate particle volume fraction, typically less than 4%. 
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( ) 5.21
1
φµµ −= bfnf     (2) 
 
Batchelor [23] proposed the following equation considering the Brownian motion of nanoparticles 
and their interaction, as given by equation (3). 
 
( )...1 2 +++= φηφµµ Hbfnf k    (3) 
 
In this equation, η is the intrinsic viscosity and kH is Huggins’ coefficient. The value of η and kH is 
2.5, respectively 6.5, for spherical particles. 
If particles are non-spherical, Brenner and Condiff [24] have developed a viscosity model to 
consider the shape effects. So, for rod like particles, the Brenner and Condiff equation is applicable 
for volume fraction up to 1/r2, where r is the aspect ratio of nanoparticles. 
 
( )ηφµµ += 1bfnf      (4) 
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It is worth noting that the previous equations were developed to relative viscosity as a function of 
particle volume fraction only. There is no consideration of temperature dependence. Moreover, 
these equations are for homogenous fluid and do not take into account particle agglomeration 
influence.  
 
2. Materials and experiments 
 
2.1. Nanofluids 
 
The first nanofluid is supplied by Nissan Chemical. The material is a suspension of alumina 
nanospheres of 30nm in diameter dispersed in a mixture of water and a surfactant. Its pH is 5 and 
the weight fraction of nanoparticles is 1%. The second nanofluid is supplied by Nanocyl (Belgium) 
and consists in multi-walled carbon nanotubes (carbon purity 90%) dispersed in a similar mixture. 
The dimensions of the nanotubes are 200 µm in length and 9 µm in average diameter respectively 
according to the manufacturer’s specification. . This leads to an aspect ratio of r = L/d≈22. The 
weight fraction of nanotubes is also 1%. Each nanofluid contains 1% by volume of surfactant but its 
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nature is not released by the suppliers of nanofluids. The role of surfactant is to disperse and 
stabilize the particles and reduce the presence of aggregates, as well as to adjust the pH of the 
nanosuspension. It is expected that the influence of the surfactant in terms of density and heat 
capacity of nanofluids is low. On the other hand we believe that the nature and the quantity of 
surfactant play a role in the viscosity of nanofluids, as recently shown by Phuoc et al. [25] for 
multi-wall carbon nanotubes suspension stabilized by chitosan. However, this is below the scope of 
the present work. 
It was shown that characterization of the nanofluid suspension can be performed by particle size 
analyzer based on dynamic light scattering. Dynamic light scattering measurement was previously 
performed on the CNT nanofluid investigated in this study [10]. This technique was reported to be 
effective in indicating the presence of agglomerates [26]. However such a measurement assumed 
spherical particles resulting in an average value for the length of the particles [27]. It was reported 
in [10] that the measured average particle size in the CNT nanofluids is much larger than that of the 
primary nanoparticles suggesting the nanotubes to form clusters in spite of the use of surfactant. 
The average agglomerate sizes for the CNT water based nanofluid is 380 nm. A similar result was 
observed for Al2O3 water based nanofluid under lower concentration than that of the present work. 
 
 
2.2. Experiments 
 
The rheological properties of both nanofluids were measured by a stress controlled rheometer 
(Malvern Kinexus Pro) in a parallel plate configuration under controlled temperature. The diameter 
of the plates is 40 mm and the gap is 0.5mm. The temperature was controlled by using a peltier 
temperature control device located below the lower plate with an accuracy of 0.01°C. Thermal 
clovers were also used to ensure constant temperature within the sample gap. Each tested volume 
sample was taken from its container then set up to the lower plate, taking care that no air bubbles 
were entrapped within the sample. Hence, the upper plate is displaced to achieve the required 
sample gap. The excess of samples is eventually removed. Unlike most studies done in the 
literature, where the rheological behaviour of nanofluids is only measured under increasing shear 
rate (or shear stress), the measurements were here performed in imposing an up and down ramp in 
shear stress. So, the stress is gradually loaded logarithmically then followed by a reverse stress 
decrease. During the experiments, we measured the instantaneous shear rate and apparent viscosity 
and did not necessarily reach a steady state during experiments. The range of the up and down 
stress ramp varies between 10-1 and 15 Pa, respectively 10-1 and 30 Pa, for the Al2O3 nanofluid and 
the CNT nanofluid. Preliminary measurements have validated the applicability of the maximum 
shear stress (15 and 30 Pa) depending on the nanofluid used, in order to avoid flow instability, 
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sample ejection and ensure a constant normal force during experiments. The torque resolution of the 
rheometer is 0.1 nNm. As a consequence, the uncertainty in shear stress under the parallel plate 
geometry used is 1.2 10-6 Pa. The angular velocity resolution is at least 10nrad/s. The uncertainty in 
shear rate, which only depends on angular velocity under parallel plate geometry as the normal 
force is maintained constant during test, is less than 10-5 s-1. 
The working temperatures were 2°C, 5°C, 7°C and 10°C, and the time of shear stress ramp were 
120s, 180s, 240s and 300s. This is made for both investigating the influence of low temperature and 
shearing time on the rheological properties of the nanofluids. It should be mentioned that the 
measurements were performed on the same sample for a decrease or an increase of the working 
temperatures, which was maintained 5 minutes before starting the experiment. It is also mentioned 
that no high preshear mixing neither sonification were used before testing the nanofluids. In 
addition, any observable sedimentation was noticed before experiments. 
The experiments were also repeated at least once to verify the repeatability of the rheological 
measurement. This was also done to evaluate the suspensions stability with time. As reported, 
particle size analyzer accounts for nanoparticles agglomeration but it does not provide the insight 
required on the nanofluid colloidal stability.  
Figure 1 shows the relationship between the shear stress and shear rate for the studied CNT water 
based nanofluid at 7°C for two replicates under a shearing time of 300s.  As reported in figure 1, the 
different shear flow curves are well superimposed within the shear stress range investigated, 
indicating that the nanofluid was stable during the experimental work. Similar results were obtained 
for other temperatures, shearing times and the Al2O3/water nanofluid. So, in the following, the shear 
flow curves and the rheological parameters are average values of the different experiments. 
 
3. Results and discussion 
 
3.1 Influence of shearing time 
 
Figures 2 and 3 respectively show the shear stress versus shear rate curves of the CNT nanofluid 
and the Al2O3 nanofluid at 5°C obtained from different shearing times, under increasing and 
decreasing ramp in shear stress. It should be mentioned that, in both figures, the shear flow curve 
under increasing ramp in shear stress is greater than the one obtained under decreasing ramp in 
shear stress.  
So, figures 2 and 3 describe apparent hysteresis loops which are generally obtained with thixotropic 
materials [28], defined as time-dependant structurated materials. Figures 2 and 3 also show that the 
area and the shape of the hysteresis loop vary according to the nanofluid and the shearing time. This 
can be explained from the basis of nanofluid microstructure and attractive force between the 
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particles. Nanofluids are well known as structured materials with particles or aggregates, even at 
low concentration. So, during the increasing ramp in shear stress, the structure and the flocculants 
of the nanofluid break down and decrease further when the shear stress is increased. Inversely, 
during reverse phase, reducing the stress rate can cause a growth of the flocculants and/or allow the 
particulate network to rebuild. So, increasing the shearing time allow the material to rebuild and 
retrieve an initial structure. The rebuild of initial structure is influenced by shearing time rather than 
shear rate. This phenomenon is less pronounced for the CNT nanofluid, as the hysteresis loop is 
quite identical for the three shearing times used. So, here the destruction and re-build of 
nanosuspension structure is only shear dependant. The behaviour described in figure 2 and 3 may 
be explained, at least in part, in terms of the time dependency of agglomeration and 
desagglomeration kinetics linked to the structural network of the nanofluids. 
We can also see at low shear rate under the up shear stress ramp than the shear stress versus shear 
rate curves are not superimposed. This can be explained by the initial state of the material before 
experiment as no preshear was applied to the sample before testing. It should be mentioned than the 
results presented here for a temperature of 5°C are similar to ones obtained with the other 
temperatures (see figure 1 as example). Finally, figures 2 and 3 show that the CNT nanofluid and 
the Al2O3 nanofluid seems to behave as non-newtonian materials, as it will be discussed in section 
3.2. In the following experimental data, we have considered the case of decreasing ramp in shear 
stress which provide the shear flow behaviour of nanofluids after the breaking of their structural 
network under increasing ramp. In order to compare the rheological properties of the water based 
nanofluids under low temperatures, the same shearing time of 240s was also considered. 
 
3.2. Rheological properties of nanofluids: Influence of shear rate and temperature  
 
Figure 4 reports the evolution of the apparent viscosity depending of shear rate for the different 
temperatures of CNT nanofluid. First at all, it is observed that the shear flow behaviour of CNT 
nanofluid is obtained within a large shear rate range. 
Figures 4 shows that the CNT suspension behaves as a non-newtonian shear thinning fluid under 
the experimental conditions of this work, as the apparent viscosity of the CNT suspension decreases 
when the shear rate increases. Figure 4 also shows that the apparent viscosity decreases as the 
temperature increases, as mainly reported for a wide class of nanofluids. As shown in Figure 4, the 
shear viscosity of the CNT suspension mainly decreases for a shear rate lower than 100 s-1. Over 
this shear rate value, the apparent shear viscosity tends to a Newtonian plateau. This is in agreement 
with the measurements of Kanagaraj et al. [29] who have investigated the rheological behaviour of 
CNT nanofluid under the same weigh fraction that of the present work and for temperature ranging 
from 20 °C to 50°C. As mainly reported, shear thinning effect can be attributed to de-agglomeration 
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of the nanotube clusters and/or realignment of the clusters in the direction of the shearing flow due 
to the form of primary particles, resulting in less viscous force. The fact that CNT nanofluids are 
mainly treated as Newtonian fluid may be plausible following the shear rate range investigated. So, 
from the previous figure and results, the CNT nanofluid can be considered as a Newtonian fluid for 
high shear rate. In, this case we can obtain the dynamic viscosity of the nanofluid from the 
following relationship. 
 
γµτ &=    (6) 
 
Where τ is the shear stress, µ is viscosity and γ&  is the shear rate. Figure 5 shows the evolution of 
viscosity of CNT nanofluid with temperature as well as the comparison with the Brinkman formula 
(see eq.2). The Brenner and Condiff equation was not considered here as the volume fraction of 
CNT nanofluid, which is 0.55%, is up to 1/r2=0.2%. It is shown that the viscosity of CNT 
suspension decreases about 26% when the temperature increases from 2 to 10°C. 
Figure 5 indicates also that the viscosity values of CNT suspension are five times higher than the 
ones predicted by the Brinkman equation. These results show that Brinkman’s formula seems to be 
not efficient for the CNT nanofluid investigated here due to the presence of aggregates. 
Figure 6 reports the evolution of shear stress of Al2O3 nanofluid depending of shear rate and for the 
different tested temperatures. Figure 6 shows that the Al2O3 nanofluid behaves as a non-Newtonian 
shear-thickening fluid under the experimental conditions of this work within a large shear rate 
range.  
From the experimental data, a correlation between shear stress and shear rate can be obtained from 
the non-Newtonian power law model, defined by equation (7), in order to find out the characteristic 
flow behaviour of Al2O3 aqueous suspension with temperature. 
 
nKγτ &=    (7) 
 
where  τ  is the shear stress in Pa, n is the flow behaviour index , K is the flow consistency index in 
Pa.sn and γ&  is the shear rate in s-1.   
The shear thickening effect may be related to a transition of suspension structure from an ordered 
state to a rather disordered state. Increasing the shear stress is so that the particles or clusters are 
displaced from their equilibrium position to become a disorder structure which dissipates more 
energy during flow leading to the increase of the mixture viscosity. Shear thickening of Al2O3 
aqueous nanofluid was also observed in [30]. 
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Fitting equation (7) to the shear stress versus shear rate curves allows determining the power law 
model parameters of the Al2O3 nanofluid against temperature. This is reported in figure 7. The R2 
correlation coefficient for each of the curve of figure 6 was found to be more than 0.99, indicating a 
good correlation. Figure 7 shows that, for Al2O3 nanofluids, the temperature increase induces a 
diminution of the consistency index, and an increase of the flow index. It is also noted that the 
effect of temperature in the reduction in consistency index is about 57% when the temperature 
increases from 2 to 10°C. When the temperature increases it is also shown that the flow behaviour 
index of Al2O3 increases about 5.57%.  
The difference in non-Newtonian behaviour of Al2O3 and CNT nanofluids could be attributed, at 
least partially to different particle shape and aspect ratio, agglomeration and desagglomeration 
kinetics due to the interaction between the surfactant and the nanoparticles. 
 
 
4. Conclusion 
 
In this paper, we have established a new and more complete viscosity data base for two particular 
water-based nanofluids, namely Al2O3-water and CNT-water, at low concentration. The effects due 
to temperature and shearing time on the rheological properties of nanofluids were investigated for 
low temperatures ranging from 2°C to 10°C. Experimental data have clearly revealed for both 
nanofluids that a viscosity hysteresis phenomenon is observed when the stress is gradually loaded 
and unloaded, a thixotropic shear time dependent phenomenon. This hysteresis phenomenon, which 
is believed to be the first observed for Al2O3-water and CNT-water based nanofluids, has raised a 
lot of interest regarding the use of nanofluids for heat transfer enhancement purposes. Experimental 
results showed that the nanofluids have different rheological behaviors. Alumina water based 
nanofluid is non-Newtonian and CNT water based nanofluid is Newtonian only for high shear rate. 
In this complex problem of nanofluid rheology, we have to take into account agglomeration 
phenomenon, surfactant impact, and shape influence to better understand the flow properties of 
such fluids. This is the objective of future works. 
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Highlights 
 
 
- Experimental viscosity of two nanofluids (Al2O3; CNTs) at low temperatures 
- Viscosity hysteresis phenomenon showing thixotropy 
- Shearing time influence 
- Non-Newtonian behaviour of Al2O3 water nanofluid 
- Newtonian behaviour of CNT water based nanofluid at high shear rate. 
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Figure Captions 
 
Figure 1. Shear stress versus shear rate of CNT nanofluid at 7°C for a shearing time of 300s – 
evaluation of repeatability of the tests and stability of the nanofluid. 
 
Figure 2. Shear stress versus shear rate of CNT nanofluid at 5°C – influence of shearing time. 
 
Figure 3. Shear stress versus shear rate of Al2O3 nanofluid at 5°C – influence of shearing time. 
 
Figure 4. Apparent viscosity versus shear rate of CNT
 
nanofluid – influence of temperature. 
 
Figure 5. Viscosity of CNT suspension. 
 
Figure 6. Shear stress versus shear rate of Al2O3 nanofluid – influence of temperature. 
 
Figure 7. Evolution of power law parameters, fitted to shear stress versus shear rate curves of Al2O3 
nanofluid, against temperature. 
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Figure 1. Shear stress versus shear rate of CNT nanofluid at 7°C for a shearing time of 300s – 
evaluation of repeatability of the tests and stability of the nanofluid.. 
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Figure 2. Shear stress versus shear rate of CNT nanofluid at 5°C – influence of shearing time.
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Figure 3. Shear stress versus shear rate of Al2O3nanofluid at 5°C – influence of shearing time. 
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Figure 4. Apparent viscosity versus shear rate of CNT
 
nanofluid – influence of temperature. 
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Figure 5. Viscosity of CNT suspension against temperature. 
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Figure 6: shear stress versus shear rate of Al2O3 nanofluid – influence of temperature. 
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Figure 7. Evolution of power law parameters, fitted to shear stress versus shear rate curves of Al2O3 
nanofluid, against temperature. 
 
